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The Asian summer monsoon (ASM) begins firstly over the Indo-China Peninsula in early May and over the South China Sea 
(SCS) in mid-May. The different monsoon onset dates can exert distinct effects on the summer rainfall in Asia. Statistical results 
indicate that the Antarctic Oscillation (AAO) in the boreal winter has a significant precursory influence on the ASM onset dates. 
In stronger AAO years, both the Mascarene high and the Australia high in March are stronger owing to the “see-saw” structure of 
atmospheric circulation over the subtropics and higher latitudes in the Southern Hemisphere, and the tropical intertropical con-
vergence zone (ITCZ) is deeper. Thus, the pressure gradient between the subtropical and tropical regions increases in spring. As a 
result, the Somalia cross-equatorial flow (SCEF) occurs earlier, strengthens, and enhances the westerlies over the tropical Indian 
Ocean. The enhanced westerlies impel an eastward withdrawal of the western Pacific subtropical high and intensify the conver-
gence and rising motion at the lower troposphere, accelerating the burst of ASM. Differently, weaker AAO weakens the pressure 
gradient between the tropical and subtropical regions and delays the establishment of SCEF, resulting in a delayed onset of ASM. 
This study extends the leading time of seasonal forecast of ASM onset from the previous spring to winter and provides useful 
information about precursory signals in climate prediction operation. 
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As a leading mode of the extratropical atmosphere in the 
Southern Hemisphere (SH), the Antarctic Oscillation (AAO) 
displays a “sea-saw” pattern between the pressures or geo-
potential heights in the subtropics and higher latitudes. It 
has a close relationship with other circulation members in 
SH such as the South Polar vortex, the double westerly jet, 
the Australia high (AH), and the Mascarene high (MH). 
Although its first illustration can be found nearly a century 
ago [1–5], its influence on the Northern Hemisphere (NH) 
climate has not been studied till recently. Owing to the lim-
itation in datasets at the SH high latitudes, nearly all studies 
have focused only on the subtropical branch of AAO, espe-
cially the MH and the AH. Since the 1980s, Chinese mete-
orologists have investigated the interactions of zonal and 
meridional circulations between East Asia and Australia 
[6,7]. For example, the cold air in one hemisphere can sig-
nificantly affect the monsoon weather and climate in the 
other hemisphere [8]. Results also show the key role of MH 
in the East Asian summer monsoon (EASM) and in the in-
teraction between the two hemispheres [9,10]. He and Chen 
[11] analyzed the influence of the quasi-40-day low-fre-      
quency oscillation (LFO) in the middle latitudes in SH on 
the Asia summer monsoon (ASM). The authors pointed out 
that the cold air in SH firstly strengthened the MH, the AH, 
and the westerly flow over the south of the two highs 
through meridional propagation of the LFO, then enhanced 
the southeasterly flow to the north of the highs and the 
cross-equatorial flow (CEF), and finally accelerated the 
burst of ASM. The strengthened CEF especially the Somalia 
cross-equatorial flow (SCEF) intensifies the moisture trans-
portation from tropical oceans to the continent and led to the 
summer rainfall anomalies in East Asia [12]. 
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As pointed by Xue et al. [13], the seasonal transition in 
SH first begins in the high latitudes. Through the “sea-saw” 
structure of AAO, the extratropical circulation affects the 
EASM through changing the subtropical highs. This result 
has been validated by recent studies. AAO can also be used 
as a predictor in seasonal forecast operation. For example, 
following a strong AAO in boreal spring, both the MH and 
the AH enhance, and more summer rainfall occurs from the 
Yangtze River valley in China to Japan. So besides ENSO, 
AAO is another precursory signal for the interannual varia-
tion of summer rainfall in East Asia [14]. Among different 
influencing processes, the SCEF plays a key role and its 
interannual variability is tightly linked with the abnormal 
wave trains along the coast of East Asia. Stronger (weaker) 
SCEF always relates to less (more) summer rainfall in the 
south of the Yangtze River valley [12].  
Based on the analysis of mean meridional circulation, it 
is found the positive AAO anomaly will weaken the cold air 
activity over East Asia during both boreal winter and spring 
through barotropic meridional teleconnection from the Ant-
arctic to the Arctic [15]. This teleconnection is remarkable 
over Eurasia in winter and over the Pacific Ocean in spring. 
The result indicates the local meridional teleconnection is 
possibly a linkage of the interaction of atmospheric circula-
tion over the middle and high latitudes between the two 
hemispheres. This conclusion has been validated by numer-
ical simulation [16]. A case study of 2005/2006 also sug-
gests that a weaker AAO in boreal winter is favorable for 
more Mongolia cyclones and strengthens the surface gales 
in spring, resulting in more frequent dust storm events in 
northern China [17]. Owing to these results, the AAO has 
been widely included in statistical models of seasonal fore-
cast in China [18–20]. Besides the impact on the climate in 
East Asia, the AAO can also exert great an influence on the 
North American summer monsoon [21] and the West Africa 
summer monsoon [22]. 
Results of the South China Sea monsoon experiment 
(SCSMEX) show that the ASM starts first over the Indo- 
China Peninsula (ICP) and the South China Sea (SCS) [23]. 
Its onset date has been regarded as an important indicator 
for the beginning of both the seasonal transition from winter 
to summer and the flood season in Asia. Researches also 
indicate that the precursory influencing factor of ASM can 
be related to the SCEF in boreal spring. Before the onset of 
ASM, the SCEF experiences an abrupt increase, which im-
pels an eastward propagation of the westerly flow over the 
Bay of Bengal (BOB), and promotes an eastward withdraw-
al of the western Pacific subtropical high (WPSTH) from 
the SCS to the western Pacific, triggering the burst of ASM. 
As mentioned above, the SH subtropical high has a close 
relationship with the SCEF [14]. Since the pressures in the 
subtropics and higher latitudes in the SH have opposite var-
iations, can the influencing factors of ASM be extended 
more southward to the South Pole area, i.e. the high-latitude 
branch of the AAO? On the other hand, the seasonal fore-
cast of summer climate should be issued in April owing to 
the service requirements of decision makers and the gov-
ernment, meaning that the complete dataset of spring is not 
available before making the prediction. So, it is necessary to 
seek new predictors in the previous winter for ASM forecast. 
1  Data description and definition of AAO index  
The primary dataset used in this study is the NCEP/NCAR 
monthly and daily reanalysis products including sea level 
pressure (SLP), 500-hPa geopotential height, 850-hPa zonal 
and meridional winds, and outgoing long-wave radiation 
(OLR) on a 2.5°×2.5° latitude-longitude grid for 1979–2011 
[24]. Time series of the onset date of South China Sea 
summer monsoon (SCSSM) during the same period from 
the National Climate Center (NCC) of China is also ana-
lyzed. In the operation of SCSSM monitoring, the onset 
date is defined as the first pentad in which the zonal wind at 
850 hPa averaged over 10°–20°N, 110°–120°E changes 
from easterly to westerly, and the mean pseudo-equivalent 
potential temperature at the same level and region decreases 
to 340 K. Beside these two objective judgments, the WPSTH 
are also considered in determining the monsoon onset date. 
Two methods have been used to define the AAO index in 
previous studies. The first definition is based on the pres-
sure difference between the subtropics and high latitudes in 
the SH, for example, the difference in averaged SLP be-
tween 40° and 65°S [25]. Gao [26] modified the definition 
to 30° and 65°S considering the climatological position of 
the subtropical high center and the downward branch of the 
Ferrel cell. The other definition employs the time series of 
the first leading mode of 700-hPa geopotential height to the 
south of 20°S [27]. Monthly AAO indices since 1979 from 
the second definition can be obtained from the Internet at 
www.cpc.noaa.gov, which are used in this paper. 
Figure 1 shows the normalized AAO index in boreal 
winter. It shows a significant (passing the 95% confidence 
level) increasing trend in the analysis period. In this paper,  
 
Figure 1  Normalized AAO index in boreal winter (solid curve) and its 
linear trend (dashed line). 
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eight years with AAO indices greater than 1.0 are selected 
as the strong AAO years, i.e. 1989, 1994, 1995, 1999, 2000, 
2002, 2008, and 2009. Another seven years with indices less 
than 1.0 are chosen as the weak AAO years, i.e. 1980, 1983, 
1985, 1992, 2001, 2004, and 2006. To have the same num-
ber of cases as for the strong AAO years, the year 1993 is 
also elected as a weak case in which the index is 0.8. 
2  Influence of AAO on ASM and possible  
mechanism 
As mentioned above, the Indo-China Peninsula (ICP) and 
the South China Sea are the regions where the ASM begins 
firstly. Climatologically, the ASM can be found in the 26th 
pentad (early May) over the eastern BOB and ICP, and in 
the 28th pentad (middle May) over the SCS. Since then the 
ASM propagates to India and the western Pacific. So in the 
following our analysis will be focused on the ICP and SCS 
summer monsoons.  
To better illustrate the relationship between ASM and 
AAO, OLR and zonal wind are composed for strong and 
weak AAO years, respectively. In the strong AAO years, 
deep convection (OLR230 W/m2) can be found in late 
April over the ICP, especially near 100°E. It propagates 
westward quickly to the eastern BOB. In early May, OLR 
decreases to 200 W/m2 and below. Over the SCS, both deep 
convection and westerly flow appear in early May. Com-
pared to the normal onset dates, both the ICP/BOB summer 
monsoon and the SCSSM appear earlier following strong 
AAO winters. According to the onset dates of SCSSM 
monitored by the NCC, among all the eight strong AAO 
years there are five years in which the SCSSM occurs be-
fore its normal date.  
While in the weak AAO years, composed results indicate 
both deep convection and westerly flow appear later over 
the ICP. It can be clearly seen that OLR values are greater 
than 230 W/m2 before early May, and convection increases 
in middle May. Compared to the counterpart in Figure 2(a), 
convection is also weaker than normal. Deep convection 
with OLR values less than 200 W/m2 does not appear till 
late May. Over the SCS, deep convection and westerly flow 
begin in early June and late May, respectively. Different 
from the counterpart in strong AAO years, the beginning 
time of westerly flow over the SCS is not the same as the 
deep convection. From the monitoring results of SCSSM in 
the NCC, among the eight weak AAO cases there are seven 
years in which the SCSSM onset dates are later than normal.  
In the analysis period the ASM displays an advancing 
onset trend. Taking the SCSSM as an example, the averaged 
onset date in the recent two decades is about one pentad 
earlier than that in previous periods. As shown in Figure 1, 
the AAO index in December-January-February (DJF) also 
shows a significant increasing trend, meaning that the rela-
tionship between AAO and ASM is similar on both inter-
annual timescale and interdecadal timescale.  
Beside the establishment of deep convection and westerly 
flow, another abrupt feature of ASM onset is the quick 
eastward withdrawal of the WPSTH. This feature is also 
very different in strong/weak AAO years (figures not 
shown). In strong AAO years, the WPSTH is weaker than 
normal, with the 5870 gpm contour moving to the ocean 
east of 120°E in early May. It is hard to find the 5880 gpm 
contour on the continent. While in weak AAO years, the  
 
Figure 2  Composed zonal wind speed at 850 hPa (contours, m/s) and OLR (shaded, W/m2) averaged at (5°–20°N) in eight strong (a) and weak (b) years. 
Numbers in the abscissa mean the degrees of longitude. In the ordinate the number “1” means the first day of March, “2” means the second day of March, 
and so on.  
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WPSTH is strong. The 5870 gpm contour lies over the SCS 
till June. This difference also indicates the precursory in-
fluence of AAO on ASM.  
Previous studies have explored the pivotal role of SCEF 
in triggering the onset of ASM. The SCEF usually has a 
quick enhancement ten days, before the onset of SCSSM, 
impelling the quick eastward propagation of the westerly 
flow over the BOB and accelerating the eastward withdraw-
al of the WPSTH from the SCS. Following a strong and 
early SCEF, the SCSSM always occurs early, and vice versa. 
This feature means that the SCEF possibly links to both 
ASM and AAO. To validate this inference, correlation coef-
ficients (CCs) are calculated between the AAO index in 
DJF and the meridional wind speed at 850 hPa along the 
equator in March and April, respectively. In the eastern 
hemisphere, there exist five main CEFs including the SCEF 
(near 45°E), the Sumatra CEF (85°E), the SCS CEF (105°E), 
the western Pacific CEF (125°E), and the Papua New Guinea 
CEF (150°E). In March, only the CCs between AAO index 
and SCEF intensity have exceeded the 95% confidence lev-
el because the other four CEFs have not established in this 
month (solid curve in Figure 3). In April, the maximum CC 
center is still located over the SCEF channel (dashed curve 
in Figure 3). Compared to the counterpart in March, its peak  
 
Figure 3  Correlation between the AAO index in DJF and meridional 
wind speed at 850 hPa along the equator in March (solid curve) and in 
April (dashed curve), respectively. The two thick dashed lines mean the 
significant values exceeding the 95% confidence level (t-test). 
position is more eastward because of the eastward shift of 
the SCEF axis in April. Another significant CC center lies 
over the Sumatra CEF channel, i.e. 80°–90°E. Over the oth-
er CEF channels, there is no close relationship between me-
ridional wind speed and AAO index.  
Composed results also support the conclusion obtained 
from the correlation analysis (figures not shown). In the 
strong AAO pattern, the southerly wind at 850 hPa appears 
in middle April over the SCEF channel and maintains stably. 
While in the weak AAO pattern, persistent southerly flow 
cannot be found before early May.  
Because of the effect of the Coriolis force, westerly flow 
prevails over the tropical Indian Ocean after the establish-
ment of CEF. Figure 4 shows the CCs between the AAO 
index and the zonal wind speed at 850 hPa. Obviously, pos-
itive CCs cover all the tropical Indian Ocean in the NH, 
especially over 80°–120°E. Similar to the role of SCEF, the 
tropical Indian westerly flow will also impel the eastward 
withdrawal of the WPSTH, enhance the convergence and 
rising motion at lower troposphere, and accelerate the burst 
of deep convection over Asia.  
The influencing process of AAO on ASM can be ex-
plained from Figure 5. It shows the CCs between the SLP in 
March and the AAO index in DJF. Significant negative CCs 
appear over all tropical regions while positive values over 
the subtropical regions in SH. This correlation pattern means 
that the strong AAO in boreal winter will strengthen the 
subtropical high, deepen the intertropical convergence zone 
(ITCZ) in early spring, and then increase the pressure gra-
dient between these two systems. Thus the SCEF will begin 
earlier in spring and enhance the westerly flow over the 
tropical India Ocean. Different from the strong AAO, weak 
AAO will weaken the pressure gradient between tropical 
and subtropical regions and delay the establishment of CEFs.  
Undoubtedly, ENSO is another crucial external factor 
affecting the ASM besides AAO. To better reveal their in-
dividual contribution to the onset of ASM, partial correla-
tion is employed in this study. Results indicate that the par-
tial correlation coefficient (PCC) between the Niño3.4 index 
in DJF and the SCSSM onset date is 0.05 without AAO, 
while the value is 0.17 without ENSO. Though both PCCs 
cannot significantly exceed the 95% confidence level, the 
results still suggest the importance of AAO for the onset of 
ASM.  
In this paper, more attentions have been paid to the Indian 
 
Figure 4  Correlation between the AAO index in DJF and the zonal wind speed at 850 hPa in April. Shaded are significant values exceeding the 95% con-
fidence level (t-test).  
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Figure 5  Correlation between the AAO index in DJF and the SLP in March. Shaded are significant values exceeding the 95% confidence level (t-test).  
Ocean to illustrate the primary influencing process. Howev-
er, uncertainty exists in the process, such as the role of the 
Pacific Ocean. In the strong AAO winter, the SST pattern 
over the tropical Pacific shows a La Nina-like mode. This 
pattern is also favorable for an earlier ASM in the following 
spring. Nevertheless, the interaction between AAO and 
ENSO in winter is unclear at present. Thus, further analysis 
about the role of the Pacific Ocean is necessary for better 
understanding the physical mechanism.  
3  Conclusions 
Statistical results indicate a significant influence of AAO in 
boreal winter on the onset of ASM and that AAO can be 
used as a premonitory predictor. Owing to the “see-saw” 
structure of the atmospheric circulations in the subtropics 
and higher latitudes in the SH, both the MH and the AH in 
March are stronger followed a stronger AAO in winter. In 
the meantime the ITCZ is deeper in the tropics. Under this 
pattern, the pressure gradient between the subtropical and 
tropical regions increases in spring. Thus, the SCEF strength-
ens and begins earlier. As a result of the effect of the Corio-
lis force, westerly flow prevails over the tropical Indian 
Ocean earlier than normal, after the establishment of CEF. 
The enhanced westerly flow impels an eastward withdrawal 
of the WPSTH and enhances the convergence and rising 
motion at the lower troposphere, accelerating the burst of 
deep convection in Asia. Differently, a weaker AAO weak-
ens the pressure gradient between the tropical and subtropi-
cal regions and delays the establishment of CEF, thus de-
laying the onset of ASM. 
Previous studies have analyzed the premonitory predictor 
of ASM and found several possible indicators in the atmos-
pheric circulation in tropical and subtropical SH in boreal 
spring such as the MH and the AH. However, owing to the 
service requirements of decision makers and the govern-
ment, the seasonal forecast of summer climate is issued in 
April. So, it is necessary to seek a new predictor in the pre-
vious winter for ASM forecast. Results in this paper provide 
such a new precursory predictor and can be used in the op-
eration of seasonal forecast. 
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